ABSTRACT: Thirty-two crossbred (Suffolk x Rambouillet) wether lambs were used to examine the effectiveness of protein source (soybean meal [SBMI or fish meal [FMI) in alleviating decreased performance associated with dietary aflatoxin ( A F ) in growing lambs. After a 21-d adaptation period to concentrate diets, lambs were assigned to the following dietary treatments: 1 ) SBM, 0 mg of AF; 2 ) FM, 0 mg of AF; 3 ) SBM + 2.5 mg of AFkg diet; or 4 ) FM + 2.5 mg of AF/kg diet (two lambdpen; four pens/ treatment). Diets were fed 35 d, at which time AF was removed from the diet (except one pedprotein source) and lambs continued on study for an additional 32 d. On d 67, all lambs were killed and necropsied. Average daily gain, feed intake, and gaidfeed were similar ( P > . l o ) among lambs fed SBM or FM; however, lambs fed AF had lower ( P < .01) feed intakes, daily gain, and gaidfeed. Feed intake remained lower ( P < .01) after AF was removed from the diet. Aflatoxin elevated ( P < .01) aspartate amino transferase and gamma-glutamyl transferase activities and total protein and cholesterol concentrations while decreasing ( P < .05) alkaline phosphatase, glucose, cholinesterase, albumin, inorganic phosphorus, iron, and total-iron-binding capacity. Hematocrit, white blood cell count, and prothrombin time increased ( P < .O 1) in lambs fed AF. No AF or protein effects were seen on ruminal VFA, pH, or lymphocyte blastogenesis ( P > .lo). Serum constituents and hematologic measurements remained altered in lambs fed AF throughout the 67-d experimental period; however, they returned to levels similar to those in controls when AF was removed from the diet. Dietary AF decreased lamb performance and impaired liver function. No benefits were seen in lamb performance when FM was substituted for SBM, either with or without AF.
Introduction
Aflatoxins, a group of closely related, biologically active mycotoxins, are produced by strains of Aspergillus flavus and A. parasiticus and occur naturally in several important animal feeds, including corn, cottonseed, and peanuts (Cheeke and Shull, 1985) . Acute aflatoxicosis causes hepatitis, icterus, hemorrhage, and death. Reduced growth rate is the most sensitive clinical sign of chronic aflatoxicosis, and it may be the only readily detectable abnormality (Raisbeck et al., 1991; Pier, 19923 . Although the exact mechanism by which aflatoxins reduce growth rate is not known, disturbances in protein, carbohydrate, and lipid me-'Mention of a trade name, proprietary product, or specific equipment does not constitute a guarantee o r warranty by the USDA and does not imply its approval to the exclusion of other products that may be suitable.
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tabolism are probably involved (Cheeke and Shull, 1985) . Recent attention has focused on the alleviation or prevention of aflatoxicosis by manipulation of dietary nutrients (Davila et al., 1983; Lindemann et al., 1993) or the inclusion of chemiadsorptive compounds Schell et al., 1993a,b) . Increasing dietary protein diminished the reduction in BW seen in chicks (Smith et al., 1971) and pigs (Coffey et al., 1989; Sisk and Carlton, 1972) fed aflatoxin.
In ruminants, crude protein available for digestion and absorption from the small intestine is provided by microbial protein from the rumen, endogenous nitrogen from the gastrointestinal tract, or by dietary protein that has escaped ruminal degradation. Feeding protein sources such as fish, blood, or feather meals increases the amount of protein that escapes ruminal fermentation and that is available to the small intestine.
Aflatoxins reduce growth and performance and increase dietary requirements for protein. The objective of this study was to evaluate the effectiveness of protein source, soybean meal or fish meal, in alleviating the decreased performance associated with feeding aflatoxin to growing lambs.
Materials and Methods
Forty-four crossbred (Suffolk x Rambouillet) wether lambs were housed under drylot conditions in covered pens ( l l / p e n ) with grass hay and water available for ad libitum consumption. Lambs were eartagged, dewormed, vaccinated for enterotoxemia, weighed, and over a 3-wk period adapted to a concentrate diet. A booster vaccination for enterotoxemia was administered 2 wk later. After 2 wk, heavy and light lambs were culled, and the remaining 32 lambs (average BW = 27.5 kg) were assigned to pens (two/pen) and one of two protein sources (soybean meal [SBMI or fish meal [FM]). Within each protein source, lambs were further allocated t o receive 2.5 mg of aflatoxin (AF')/kg of feed or no AF', for a total of four pens per treatment group. All allotments were made in a random, stratified manner by lamb BW, resulting in equal lamb BW in each treatment group.
After the 3-wk adaptation period, lambs were weighed and started on experimental diets. Diets (Table 1) were formulated to meet or exceed the nutrient requirements (NRC, 1985) . Diets were fed for 35 d, at which time A I ? was removed from the diet (except one randomly selected pedprotein source) and lambs continued on their respective diets for an additional 32 d. Feed and water were available for ad libitum consumption and feed intake was recorded daily. Body weights were recorded weekly.
Aflatoxin was produced via fermentation of rice by Aspergillus parasiticus NRRL 2999 as described by Shotwell et al. (1966) and modified by West et al. (1973) . Fermented rice was autoclaved and ground, and the AF content was measured by spectrophotometric analysis (Nabney and Nesbitt, 1965; Wiseman et al., 1967) . Aflatoxin content was 2.65 mg/g of rice powder. The rice powder was incorporated into the basal diet and confirmed by HPLC to provide the desired level of 2.5 mg of A F k g of diet.
Blood samples were collected from each lamb by jugular venipuncture on d 20, 35, and 55 for quantification of serum constituents, on d 27 and 54 for hematologic measurements, and on d 31 for determination of lymphocyte stimulation index. Serum was removed after centrifugation (1,000 x g , 15 min) and analyzed for 21 serum constituents by using a clinical chemistry analyzer (Gilford Impact 400E, Ciba Corning Diagnostics, Oberlin, OH) according to the manufacturer's recommended procedure.
Hemoglobin was measured as cyanomethemoglobin, and erythrocyte (RBC) and white blood cell count (WBC), mean corpuscular volume (MCV), and hematocrit were determined with a Coulter Model ZB1 Counter (Coulter Electronics, Hialeah, FL) equipped with a MCV computer and channelyzer, Mean corpuscular hemoglobin ( MCH) and mean corpuscular hemoglobin concentration ( MCHC) were calculated. Testing for prothrombin time (PT) and activated thromboplastin time ( APTT) were performed using an automated coagulation instrument (Electra 600, Medical Laboratory Automation, Mt. Vernon, NY). Mitogen-induced lymphoblastogenesis-stimulation index was determined as described by Lee (1978) and modified by Harvey et al. (1991) to evaluate cellmediated immune response to feeding AF.
On d 35, ruminal samples were collected, via stomach tube, from two penskreatment for determination of ruminal pH and W A . On d 67, all lambs were killed (Sleepaway euthanasia solution, Ft. Dodge Laboratories, Ft. Dodge, IA) and the liver, left kidney, and spleen were removed and weighed. Tissues were preserved in 10% neutral buffered formalin solution for histologic examination. Care, use, and handling of experimental lambs was pre-approved by the Animal Care and Use Committee of the Food Animal Protection Research Laboratory, USDA.
Statistical Analysis
Data for feed intake, BW, feed conversion, ADG, VFA, organ weight, and mitogen-induced lymphoblastogenesis were subjected to ANOVA appropriate for a completely randomized design. Data for serum clinical components and hematologic measurements were analyzed by split-plot ANOVA with treatment included in the main plot and sampling day and its interaction with treatment included in the subplot (Gil and Hafs, 1971) . Pen within treatment was used as the error term. If the ANOVA F-test was significant ( P < .05), means were separated by Bonferroni tstatistics. All procedures were computed using the GLM procedures of SAS (1988) with pen as the experimental unit.
Results
Data for lambs fed AF 67 d (one perdprotein source) were used for comparison to lambs removed from AF-contaminated diets; however, data were not included in the tables. Lamb data for daily feed intake, daily gain, and feed efficiency are presented in Table 2 . When examined over the entire 67-d feeding period, lambs fed either SBM or FM had similar ( P > . l o ) daily feed intake, ADG, and gaidfeed. However, lambs fed AF had lower ( P < ,011 daily feed intake during the first 35 d and from d 36 t o 67 (after AF was removed from the diet). The greatest decrease was seen in lambs fed FM+AF. Daily gain was lower ( P < .01) for lambs fed AF during the first 35 d but not different ( P = .64) when AF was removed from the diet. Gaidfeed was decreased ( P = .02) when AF was included in the diet but similar ( P = .97) after its removal. When examined over the entire feeding period ( d 1 to d 67, with and without AF), daily feed intake was lower ( P = .Ol) for lambs fed AF, daily gain was lower in lambs fed FM+AF, and gaidfeed tended to be lower ( P = .19) in lambs fed FM+AF.
Data for selected serum constituents are presented in Table 3 . Data are presented by day, even though a treatment x time interaction was not detected for some serum constituents. On d 20, lambs fed FM+AF had elevated ( P < .01) serum activities of aspartate amino transferase (AST) compared with lambs fed SBM and FM only. Serum AST activities in lambs fed SBM+AF were elevated ( P < .Ol) at d 20 only when compared with AST activities in lambs fed SBM.
However, on d 35 of AF treatment, and after AF had been removed from the diet, no significant differences were noted. Similarly, gamma-glutamyl transferase ( GGT) activity was higher ( P < .01) at d 20 in lambs fed AF and at d 35 in lambs fed FM+AF but returned to normal levels by d 55 after AF was removed from the diet ( P = .78). Alkaline phosphatase (ALK-P) activity was lower ( P = .04) in lambs fed FM+AF than in lambs fed SBM or SBM+AF at d 20. Serum glucose concentrations were lower ( P < .05) after 20 and 35 d on experimental diets in lambs fed FM+AF than in lambs fed FM only, whereas serum cholesterol was higher ( P < . O l ) in the FM+AF group at d 20. Lambs remaining on AF for the entire 67-d feeding period had elevated ( P < .O 1) GGT activities ( 9 1 vs 57 IU/L) and lower ( P < .01) albumin concentrations (2.4 vs 2.2 g/dL) compared with lambs fed AF-free diets for 67 d. A treatment x time interaction ( P < .05) was observed for serum GGT, cholesterol, albumin, and total iron concentrations. Neither sampling Table 4 , even though a treatment x day interaction was not found for all variables. Hematocrit and WBC were elevated ( P < .01) a t d 27 in lambs fed SBM+AF, compared with lambs fed SBM alone. Prothrombin time was higher ( P < .01) a t d 27 in lambs fed FM, FM+AF, and SBM+AF, and APTT tended to be higher ( P = .07) in lambs fed AF. No differences ( P > . l o ) were seen in these measurements a t d 54, after AF was removed from the diet. Lambs remaining on AF treatment through d 67 exhibited elevated ( P < .05) hemoglobin (12.6 vs 7.9 g/dL) and APTT (28.8 vs 10.8 s ) and lower ( P < .05) PT (11.8 vs 13.3 s), WBC (6.4 vs 13.2 x lo3 cells/pL), and RBC (12.2 vs 26.8 x lo6 cells/pL) at d 54, compared with lambs fed AF-free diets. No treatment differences ( P > . l o ) were seen (overall means f SE in parentheses) in MCV (30.9 f .31 pm), MCHC (36.2 ? .24 %), MCH (15.8 f 1.1 pg), mitogen-induced lymphocyte blastogenesis-stimulation index (6.6 f .76), ruminal pH (6.2 f .15), acetic (24.3 f 2.3 pmollml), propionic (12.1 f 1.78 pmoV mL), and butyric (10.7 f 1.21 pmol/mL) acids, and total VFA (50.6 f 5.3 pmol/mL) concentration.
Liver weight decreased ( P < .01) in lambs fed AF, averaging 2.49, 2.37, 2.17, and 1.99 g/lOO g BW (SEM = .14) for lambs fed SBM, FM, SBM+AF, and FM+AF, respectively. No treatment differences ( P > .lo; overall mean 5 SE in parentheses) were seen in relative spleen (.42 f .03 g/lOO g BW) and kidney (. 19 k .02 g/lOO g BW) weights. Liver weight of lambs fed AF for the entire 67-d experimental period were also smaller ( P < . O l ) , averaging 1.35 and 1.21 g/lOO g BW for lambs fed SBM+AF and FM+AF, respectively. Microscopically, centrilobular hepatocellular necrosis, fatty vacuolation of the cytoplasm, and mild megalocytosis were observed in lambs fed AF.
One lamb died and one lamb was killed after becoming moribund, after 33 d on study. Both lambs were in the same pen, fed FM+AF, and had performed poorly throughout the experimental period. Postmortem gross examination revealed small, hard, slightly discolored (pale yellow) livers.
Discussion
Reports concerning aflatoxicosis in ruminants, in sheep in particular, vary. Newberne and Butler (1969) and Patterson and Allcroft (1970) reported that sheep are relatively resistant to AF, and Abrams (1965) reported that sheep were not susceptible to low levels of AF but were sensitive to doses of 3 to 4 mg twice weekly for 4 to 6 wk. Lewis et al. (1967) reported that long-term feeding of AF-contaminated meal produced few pathological changes over a period of 3 to 5 yr. More recently, Harvey et al. (1991) reported a dose of 2.6 mg of AFkg of diet significantly reduced feed intake and BW gain and increased serum enzyme activities indicative of liver damage. In the present study, 2.5 mg of AFkg of diet was sufficient to impair performance and cause liver damage in growing lambs.
Decreased growth rate is considered the most common effect of chronic aflatoxicosis in young livestock. Additional signs of poisoning include loss of appetite, decreased feed efficiency, and immunosuppression (Cheeke and Shull, 1985; Raisbeck et al., 1991; Pier, 1992) . In this study, feeding AF markedly decreased feed intake, ADG, and gaidfeed. Feed intake and gaidfeed remained lower in lambs fed AF, particularly in lambs fed FM+AF, even when AF was removed from the diet. However, ADG returned to levels similar to controls following removal of AF from the diet. The exact mechanism by which AF impairs growth is unknown, but it is probably multifactorial, involving disturbances in carbohydrate, lipid, and protein metabolism, nutrient interactions, and disturbances in hormonal metabolism (Cheeke and Shull, 1985; Raisbeck et al., 1991) . Additionally, poor appetite and reduced feed intake, common in chronic aflatoxicosis, may account ( a t least partially) for reduced performance.
The intestinal supply of protein in ruminants is derived from microbial protein, endogenous protein, and dietary protein that escapes ruminal fermentation. Soybean meal is commonly used as a protein source in ruminant diets and is extensively degraded in the rumen. Protein sources such as fish meal are not extensively degraded in the rumen and serve as a good source of escape protein. Addition of fish meal to ruminants' diets has resulted in positive growth responses (Smith et al., 1980; Cottrill et al., 1982; Ekern, 1982; Oldham and Smith, 1982; Oldham et al., 1985; Bruckental et al., 1989; Petit and Flipot, 1992) . However, Hussein and Jordan (1991) found no differences in ADG or feed efficiency in growingfinishing lambs by replacing SBM with FM. Similarly, no differences were reported when FM replaced cottonseed meal ( CSM) in diets fed to finishing steers (Thonney and Hogue, 1985) . The absence of response when FM, a lowly degradable protein source, replaces SBM or CSM, highly degradable protein sources, may involve altered microbial fermentation or ruminal pH.
Fish meal has been reported to decrease ruminal fermentation (Mercer et al., 1980; Zerbini et al., 1988; Hussein et al., 1991a,b) . Because FM completely replaced SBM in the present study, degradable crude protein needed for optimum microbial production may have been limiting. Limited availability of amino acids or peptides for ruminal microbes and(or) lower ruminal ammonia concentrations may have decreased microbial synthesis.
Evidence suggesting that ruminal microorganisms are sensitive to AF was reported by Bodine and Mertens ( 1983) . Cellulose degradation, VFA production, ammonia production, and proteolysis were decreased by AF in vitro. Mertens (1979) reported that AF may disrupt growth and function of ruminal microorganisms and together with changes in VFA production may be responsible, in part, for the decreased growth and performance seen in ruminants fed AF. However, results from our study showed no differences in ruminal VFA concentrations in lambs exhibiting BW loss associated with AF. Helferich et al. (1986) also reported decreased gain in steers fed AF' despite normal VFA concentrations. Therefore, alteration of microbial VFA production is probably not a primary cause of weight loss. Ruminal motility may be affected by single acutely toxic doses of AF (Cook et al., 1986) ; however, effects of lower, more environmentally prevalent concentrations have not been determined. Such effects on ruminal motility would potentially contribute to the decreased gain seen in chronic intoxication. Additional negative effects of AF on growth and function of ruminal microorganisms may have exacerbated these effects.
Aflatoxin increases the dietary requirements for some nutrients, such as protein, and attempts have been made to alleviate the effects of AF by altering dietary nutrient content. The addition of dietary fat decreased broiler mortality due t o aflatoxicosis (Hamilton et al., 1972) and the inclusion of linoleic acid improved broiler feed efficiency (Lanza et al., 1981) . Growing pigs were more susceptible t o AF when protein levels were sub-optimal (Sisk and Carlton, 1972) . Smith et al. (1971) increased the dietary concentration of protein above the required levels and diminished the reduced BW seen in chicks fed AF. Increasing dietary protein or amino acids (methionine) above the normal requirement for optimal performance prevented poor performance in swine due to AF (Coffey et al., 1989) . In the present study, we examined the effectiveness of replacing a ruminally degradable protein source (SBM) with a protein source that escapes ruminal fermentation ( F M ) for growing lambs and evaluated its potential to alleviate poor growth associated with feeding AF'. Replacing SBM with FM did not seem to alleviate any of the negative effects associated with feeding AF, and in some instances lambs fed FM+AF performed the poorest.
Serum enzyme activities of AST, GGT, and ALK-P are generally elevated in aflatoxicosis and indicate hepatocyte damage. In the present study, serum activities of AST and GGT were elevated in lambs fed AF; however, AST was elevated only at d 20 and not after 35 d on experimental diets. Similar findings have been reported in sheep (Suliman et al., 1987; Harvey et al., 19911, goats (Clark et al., 19841, cattle (Helferich et al., 1986) , and pigs (Hayes et al., 1978; Miller et al., 1982; Harvey et al., 1988; Lindemann et al., 1993) . Alkaline phosphatase activity was not elevated at any time during the study, and GGT activity returned to levels similar to those in controls when AF was removed from the diet. Taken Aflatoxins are believed to decrease the availability or quantity of bile salts in the gastrointestinal tract, resulting in decreased absorption of fat-soluble vitamins (Cheeke and Shull, 1985) . If vitamin D assimilation is impaired, Ca and P absorption may likewise decrease, which may explain the lowered blood Ca and P concentrations seen in lambs fed AF in this study.
Total iron and TIBC concentrations were lower in lambs fed AF' and are probably related to inflammation of the liver and perturbed protein metabolism. In vitro exposure to AFBl inhibited bovine lymphocyte blastogenesis (Bodine et al., 19841 , and administration of AFBl to lambs increased mortality from pasteurellosis and increased bacterial counts and inflammation in cattle with mastitis (Halman et al., 1979; Harvey et al., 1991) . However, in the present study immune function, measured as mitogen-induced lymphocyte blastogenesis, was unaffected by dietary AF.
Implications
Aflatoxins are a continuous problem facing the livestock and poultry industries. Incorporation of aflatoxin in the diet of growing lambs decreased feed intake, daily gain, and gainlfeed. Additionally, serum constituents and hematologic measurements indicated impaired liver function in lambs fed aflatoxin. No benefits were seen in lamb performance when fish meal was substituted for soybean meal, either with or without aflatoxin.
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